Report  Documentation  Page 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  0MB  control  number. 

1.  REPORT  DATE 

2005  2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2005  to  00-00-2005 

4.  TITLE  AND  SUBTITLE 

Big  Light:  Optical  Coherence  Over  Very  Large  Areas  in  Photonic-Crystal 
Distributed  Feedback  Lasers 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Research  Laboratory, Optical  Sciences  Division, 4555  Overlook 
Avenue  SW,Washington,DC,20375 

8.  PEREORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIEICATION  OE:  17.  LIMITATION  OE 

ARSTRAUT 

18.  NUMBER  19a.  NAME  OE 

OE  PAGES  RESPONSIBLE  PERSON 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  Sume  US 

unclassified  unclassified  unclassified  Report  (SAR) 

2 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Big  Light:  Optical  Coherence 
OVER  Very  Large  Areas  in 
Photonic-Crystal  Distributed- 
Feedback  Lasers 

W.W.  Bewley,  1.  Vurgaftman,  C.S.  Kim,  J.R.  Lindle, 
M.  Kim,  C.L.  Canedy,  and  J.R.  Meyer 
Optical  Sciences  Division 

Introduction:  High-power  midwave-infrared 
(mid-IR)  semiconductor  lasers,  emitting  in  the 
A.  =  3  -  5  Jim  wavelength  range,  are  needed  to  jam 
heat-seeking-missile  threats  to  U.S.  planes  and  ships. 
Because  of  their  potential  for  compactness  and  low- 
cost,  they  are  viewed  as  ideal  long-term  sources  for 
infrared  countermeasure  (IRCM)  systems.  The  most 
straightforward  way  to  scale  up  the  output  power 
is  to  widen  the  stripe  of  gain  material  that  is  lasing. 
However,  this  strategy  is  usually  ineffective  because 
optical  coherence  is  generally  lost  once  the  stripewidth 
exceeds  a  few  wavelengths.  The  beam  then  tends  to 
break  into  multiple  modes,  or  filaments,  that  lase 
independently  of  one  another,  rather  than  maintain¬ 
ing  optical  coherence  over  the  entire  gain  region.  The 
result  is  a  rapidly  diverging  output  beam  that  becomes 
much  too  diffuse  to  be  useful  when  it  reaches  a  missile 
nosecone  several  kilometers  away. 

Device  Concept:  NRL  has  recently  developed  a 
new  class  of  semiconductor  lasers  that  maintain  an 
exceptional  degree  of  optical  coherence  over  very  large 
device  areas.  This  is  the  photonic-crystal  distributed- 
feedback  (PCDFB)  laser,  shown  schematically  in  Fig. 

1  with  an  overlayed  scanning  electron  micrograph 
(SEM)  of  one  of  the  patterned  devices.  A  two-dimen- 


FIGURE  1 

Schematic  of  the  major  propagation  directions  and  the  align¬ 
ment  with  the  facets  for  a  rectangular-lattice  PCDFB  laser, 
overlaid  with  a  scanning  electron  micrograph  of  the  etched 
2D  grating. 


sional  (2D)  rectangular  grating  is  etched  into  the 
tilted  gain  stripe  to  diffract  the  lasing  mode  propagat¬ 
ing  along  the  directions  A?  “A?  ^2?  “^2-  For 

example,  the  grating  reflects  light  that  was  originally 
propagating  along  A  into  the  opposite  direction  -Pi, 
and  also  simultaneously  diffracts  it  by  angles  of  Jt  - 
20  and  20  into  the  directions  P2  and  -/^2-  The  first 
process  is  analogous  to  the  distributed  feedback  mech¬ 
anism  (DFB)  that  induces  strong  spectral  selectivity  in 
conventional  ID  DFB  lasers.  The  other  two  processes 
diffractively  couple  regions  of  the  gain  medium  that 
are  widely  separated  spatially.  The  net  result  is  that 
optical  coherence  is  imposed  over  the  entire  gain 
stripe,  which  can  now  be  very  wide,  whereas  the 
diffractive  propagation  strongly  suppresses  the  usual 
tendency  of  the  mode  to  collapse  into  narrow  fila¬ 
ments.  This  is  accomplished  with  a  modest  penalty  in 
the  device  s  quantum  efficiency  (roughly  a  factor  of 
two).  Our  numerical  simulations  project  that  for  any 
given  semiconductor  material  system,  the  PCDFB 
configuration  should  produce  more  power  in  a  spec¬ 
trally  pure  single  mode  than  any  other  configuration.^ 
The  PCDFB  geometry  is  applicable  to  semiconductor 
lasers  emitting  at  wavelengths  extending  from  the 
ultraviolet  to  the  Terahertz  regime. 

Practical  Realization  of  the  Edge-Emitting 
PCDFB  Laser:  Our  first  experimental  demonstra¬ 
tions  of  the  PCDFB  laser  concept  have  used  optically 
pumped  antimonide  type-II  “W”  quantum  well 
active  regions  that  emit  in  the  mid-IR.^  For  the  device 
shown  in  Fig.  1,  a  second-order  grating  with  0=16° 
was  defined  in  a  top  GaSb  layer  by  electron-beam 
lithography  and  reactive  ion  etching.  By  tuning  the 
operating  temperature  of  the  laser,  the  peak  of  its  gain 
spectrum  was  brought  into  resonance  with  the  grating 
wavelength  of  A.  «  3.7  j^m.  The  solid  blue  curve  of 
Fig.  2  illustrates  the  far-field  profile  measured  for  this 
PCDFB  laser  when  a  350-jim-wide  stripe  was  pumped 
in  pulsed  mode  at  10  times  the  lasing  threshold.^  Note 
that  even  though  the  stripewidth  exceeds  the  wave¬ 
length  by  two  orders  of  magnitude,  the  profile  has  a 
single  lobe  with  an  extremely  narrow  angular  diver¬ 
gence  of  0.8°  full-width  at  half-maximum  (FWHM). 
Since  this  corresponds  to  just  over  3  times  the  theo¬ 
retical  minimum,  the  diffraction  limit,  it  demonstrates 
that  a  high  degree  of  optical  coherence  is  maintained 
across  the  wide  stripe.  At  a  stripewidth  of  150  Jim, 
the  output  was  basically  diffraction-limited,  and  even 
for  a  600- jim  stripe  the  profile  retained  a  single  lobe 
with  only  slightly  greater  divergence  (1.2°  FWHM). 

By  contrast,  the  dashed  red  curve  shows  the  analogous 
result  for  a  typical  unpatterned  Fabry- Perot  laser  fab- 
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FIGURE  2 

Far-field  profiles  for  a  mid-IR  PCDFB  loser 
with  stripewidth  350  ^im  (solid  blue)  and 
a  typical  Fabry-Perot  laser  with  stripewidth 
50  [im  (dashed  red).  Both  were  optically 
pumped  at  10  times  the  lasing  threshold. 


Angle  (deg) 


ricated  from  similar  material  with  a  pump  stripewidth 
of  only  50  [im.  In  that  case,  the  total  divergence  angle 
of  the  double-lobed  far-field  profile  is  26°.  Without 
the  PCDFB  grating,  the  beam  quality  is  quite  poor 
because  optical  coherence  is  lost  when  no  mechanism 
exists  for  coupling  the  widely  separated  lateral  regions 
of  the  stripe.  These  PCDFB  results  are  far  superior  to 
any  reported  previously  for  such  wide  stripes  in  the 
mid-IR,  making  this  approach  quite  promising  for 
IRCM  applications. 

Surface-Emitting  PCDFB  Lasers:  In  the  “edge- 
emitting”  geometry  discussed  above,  the  output  is 
extracted  from  a  cleaved  facet  whose  reflectance  also 
helps  to  define  the  cavity.  Since  the  output  aperture  is 
much  wider  laterally  than  along  the  growth  direction 
(into  the  page  of  Fig.  1),  most  edge-emitting  semi¬ 
conductor  lasers  produce  a  highly  elliptical  beam  that 
requires  further  shaping  before  it  is  useful.  Fiowever, 
we  have  designed  and  fabricated  a  surface-emitting 
(SE)  version^  of  the  PCDFB  laser,  whose  fundamental 
mode  yields  a  circularly  symmetric  output.  Figure  3 
illustrates  schematically  that  a  hexagonal  2D  grating 
again  imposes  optical  coherence  over  a  broad  lateral 
area  via  diffraction  of  the  in-plane  lasing  mode.  In 


this  case,  there  are  no  facets  and  the  output  is  emitted 
normal  to  the  wafer  surface  by  an  additional  diffrac¬ 
tion  process,  indicated  by  the  red  arrow.  Mid-IR  SE 
PCDEB  lasers  with  optically  pumped  type-II  “W” 
active  regions  were  recently  fabricated  and  tested  in 
the  laboratory.  The  near-field  IR  camera  picture  shown 
as  the  inset  in  Eig.  3  indicates  a  beam  profile  with 
nearly  circular  symmetry.  Beam  divergences  as  small  as 
«  6  times  the  diffraction  limit  have  been  observed  for  a 
pump-spot  diameter  of  800  jim.  This  provides  further 
evidence  for  strong  optical  coherence  over  extremely 
large  areas. 
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FIGURE  3 

Hexagonal-lattice  surface-emitting  PCDFB 
laser,  showing  major  propagation  direc¬ 
tions.  The  experimental  near-field  profile 
(token  with  on  IR  camera)  shown  as  the 
inset  indicates  the  near-circular  symmetry 
of  the  output  beam. 
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